Abbreviations
=============

mAb

:   monoclonal antibody

PBS

:   phosphate-buffered saline

β-sheet

:   beta-sheet

α-helix

:   alpha helix;CD, circular dichroism

HC-CDR

:   heavy chain complementarity-determining region

Introduction {#s0001}
============

Recombinant monoclonal antibodies (mAbs) engineered for specificity and potency have provided therapies for numerous debilitating conditions.[@cit0001] Since the first approval of a mAb, muromonab-CD3 (Orthoclone OKT3®),[@cit0004] regulatory requirements have demanded increasingly extensive evaluation for safety and acceptable pharmacokinetic properties.[@cit0005] Poor mAb profiles that cause adverse drug reactions can be linked to suboptimal biophysical properties such as aggregation and inhomogeneity in serum.[@cit0006] MAbs with poor solubility in phosphate-buffered saline (PBS) can have improved solubility in an optimal formulation buffer. However, the homogeneity of this formulated mAb when mixed with serum has to be confirmed. Inhomogeneity in serum associated with mAb phase separation (also known as liquid-liquid phase separation) could affect drug distribution and cause irritation at the injection site.[@cit0011] Inhomogeneity is more likely to occur during high concentration dosing that are typical for intravenous intraperitoneal and subcutaneous administration. Therapeutic mAbs are formulated at a range of concentrations, and many, such as golimumab (Simponi®) and ustekinumab (Stelara®), are formulated near 100 mg/mL.[@cit0012] mAb concentration near the injection sites could be as high as the formulation concentration, but, as the mAb circulates in the body and becomes diluted with body fluids or distributed to anatomical sites, its concentration in serum decreases. As has been illustrated with rituximab,[@cit0014] the distribution of a typical therapeutic mAb is influenced by several factors, including drug pharmacokinetic and pharmacodynamic properties.[@cit0015]

As this study illustrates, the risk of phase separation in serum is greater at higher mAb concentrations, which would be expected near the site of administration. This study utilized mAbs at concentrations \>40 mg/mL, where phase separation is more likely to be seen. Better understanding of phase components will be required to understand the nature of the phase separations. Phase characterization requires an assay that can probe within liquid-liquid phases in \<4 μL of sample and analyze molecular components, including mAb and serum molecules. Because serum contains many proteins, lipids and salts, analyzing liquid-liquid phases in serum is very challenging. Standard protein detection methods such as absorption spectroscopy, size exclusion chromatography, analytical ultracentrifugation and light scattering cannot resolve the protein components of mAb-serum mixtures in volumes as low as the 4 μL that would be needed for a phase separation assay used in a discovery setting.

Confocal microcopy utilizes pinholes in the optical train to selectively image specific depths within a sample. Raman spectroscopy probes the vibrational transitions of molecules, and thus provides a chemical fingerprint. Raman spectroscopy also identifies secondary, tertiary and quaternary structures of proteins. Uses for Raman analysis include monitoring protein structural changes in different formulation buffers[@cit0020] and evaluating proteins during crystallization.[@cit0023] Combining Raman spectroscopy with confocal microscopy allows for nondestructive chemical identification at specific locations within sample wells, including within liquid-liquid phases. We therefore coupled confocal microscopy to Raman spectroscopy to probe samples of less than 4 microliters to investigate phases formed in mAb/serum or mAb/buffer solutions. The method was also adapted to a 96-well plate for increased throughput. To distinguish between IgG and serum, the method relied on the spectral differences between the β-sheet structures of IgG and the α-helices of albumin to track these molecules within the phases. Secondary structures observed from Raman analysis were validated by comparing these with structures observed from circular dichroism (CD), which is another solution method for determining protein structures.[@cit0025] Using this technique, we described the distribution of the proteins within the different phases.

To develop an assay for phase separation in serum, we investigated 2 mAbs, CNTO607 and CNTO3930, with different biophysical profiles. CNTO607 is a human mAb that targets and neutralizes interleukin (IL)-13, a T-helper cell cytokine involved in mediating allergic inflammation and disease.[@cit0026] However, CNTO607 displays poor solubility in PBS and interacts both with itself and with polyclonal IgG.^,^ [@cit0027] Although this mAb can be formulated in sodium acetate pH 5 to improve concentratability for high concentration administration, there was a risk that CNTO607 would not remain soluble when introduced into serum. In contrast, CNTO3930, a humanized anti-respiratory syncytial virus mAb, is soluble in both PBS and sodium acetate and does not form liquid-liquid phases in serum. MAb concentrations needed in this assay were ≥50 mg/mL, which represents typical mAb formulations used for intraperitoneal or subcutaneous administration.[@cit0012]

Results {#s0002}
=======

To determine the mAb concentration range where liquid-liquid phase separation occurs, CNTO607 was titrated in human serum. Human serum contains numerous components, including proteins (albumin at 35--50 mg/mL and IgGs at ∼11 mg/mL), glucose and salts.[@cit0030] CNTO607/serum mixtures were prepared in a 96-well plate equipped with 4 μL wells permitting several samples to be examined in one plate. Two μL of CNTO607 at 0.6 to 25 mg/mL were mixed with 2 μL of human serum and examined for solution clarity. This low-volume format enabled analysis in a discovery setting where protein amounts are often limited. Microscopic images of mAb/serum mixtures within each well are shown in [**Figure 1**](#f0001){ref-type="fig"}. Figure 1.Micrograph images of CNTO607 in serum. CNTO607 titrations at total concentrations in serum at (**A**) 25 mg/mL, (**B**) 16.3 mg/mL, (**C**) 10.6 mg/mL, (**D**) 6.9 mg/mL, (**E**) 4.5 mg/mL, (**F**) 3.0 mg/mL, (**G**) 1.9 mg/mL, and (**H**) 0.6 mg/mL.

The images in [**Figure 1**](#f0001){ref-type="fig"} show liquid-liquid phase separations in the form of oil-like droplets in CNTO607/serum mixtures at final mAb concentrations of 4.5 to 25 mg/mL. Droplets were absent from mixtures containing CNTO607 at 3.0, 1.9 and 0.6 mg/mL, as well as from buffer or serum alone (images not shown). No precipitation was observed. At a final concentration of 25 mg/mL, CNTO607 also formed droplets in rat serum (data not shown). Therefore, phase separation was observed in human serum containing CNTO607 above 4.5 mg/mL.

Raman spectroscopy imaging {#s0002-0001}
--------------------------

Raman spectroscopy coupled with confocal microscopy was used to probe the continuous and droplet phases that formed in mixtures of mAb with rat serum. This analysis was used to determine how the mAb distributed within these phases. The main protein components in human serum are albumin and IgG (35--50 mg/mL and ∼11 mg/mL, respectively);[@cit0030] and rat serum contains albumin at ∼16--30 mg/mL and IgG at 0.8--2.5 mg/mL.[@cit0033] Since we observed droplet formation in both these sera, which have similar compositions of major protein components, the Raman spectroscopy imaging was performed only with rat serum. In order to obtain Raman spectra of the IgG/serum or IgG/buffer samples, background Raman signals were needed for signal subtraction. Background signals collected on an empty Corning plate sealed with ClearSeal film were of low intensity compared with sample signals, and these signals were subtracted from each sample spectrum during data processing. Samples prepared for Raman imaging included each mAb at final concentrations of 25--35 mg/mL, as these conditions not only provided better signals but were also aligned with high drug concentrations that can be present for subcutaneous and intraperitoneal dosing.[@cit0012] Images and spectra of each mAb, as well as each buffer and rat serum control, were collected and used to resolve the spectra of sample mixtures. Images and spectra for CNTO607 in sodium acetate or CNTO3930 in PBS, along with their formulation buffer controls are shown in [**Figure 2**](#f0002){ref-type="fig"}. Figure 2.Raman spectroscopy images of **A**: CNTO607 in sodium acetate. **B**: CNTO3930 in PBS. (i) Spectrum of buffer controls: Sodium acetate (**A**) and PBS (**B**), (ii) spectra from the bottom of the wells, (iii) spectra from the top of the wells; (iv, v) corresponding representative images from the bottom and top of the wells. Black circles indicate positions where Raman spectra were collected.

The buffer controls, sodium acetate pH 5 and PBS, each yielded single continuous phases, and each buffer spectrum was distinct from the spectrum of either mAb. The Raman spectrum of sodium acetate shown in [**Figure 2A**](#f0002){ref-type="fig"}(i) included a major band at 1645 cm^−1^ that could be attributed to water,[@cit0034] along with bands at 929, 1347 and 1416 cm^−1^ that were consistent with sodium acetate.[@cit0035] The Raman spectrum of PBS shown in [**Figure 2B**](#f0002){ref-type="fig"}(i) included a band at 989 cm^−1^ consistent with phosphate in PBS, along with the major band at 1645 cm^−1^ attributed to water.[@cit0034] CNTO607 and CNTO3930 in their respective formulations each exhibited one continuous phase ([**Figure 2A**](#f0002){ref-type="fig"}(iv,v) and **2B**(iv,v)), and spectra collected from the top and bottom of their respective wells were very similar. Spectra from both mAbs included bands at 1240 and 1670 cm^−1^ consistent with amide III and I bands, respectively, present in β-sheet or β-barrel structures, along with a band at 1004 cm^−1^ consistent with phenylalanine ring-breathing mode.[@cit0037] Additional bands at 1068 and 1138 cm^−1^ observed in the spectrum of CNTO607 could not be specifically assigned to known protein structures and were thought to be possibly spectral artifacts. Other bands present were not highlighted, but were generally consistent with those seen in protein spectra.[@cit0022] Based on the observed spectra, CNTO607 and CNTO3930 each formed a single phase in their respective formulation buffer and each contained β-sheet structures typical of IgG molecules.

CNTO607/PBS or CNTO607/serum mixtures produced droplet and continuous phases. To better differentiate these 2 phases, images and Raman spectra were collected. Images and spectra of CNTO607 mixtures are shown in [**Figure 3A and 3B**](#f0003){ref-type="fig"} respectively. Figure 3.Raman spectroscopy images of **A**: CNTO607 in PBS. **B**: CNTO607 in serum. (i) Spectrum of diluent controls: NaAc/PBS (**A**) and NaAc/serum (**B**), (ii) spectra from within the droplet phases at the bottom of the wells, (iii) spectra from the continuous phase at the top of the wells, (iv) representative images from the bottom of the wells, and (v) representative images from the top of the wells. Black circles indicate positions where Raman spectra were collected.

In order to assess each mAb, we prepared a sample set that included formulation buffer or diluent and serum controls, along with mixtures of the mAb with buffer or serum. The image of the sodium acetate/PBS diluent control revealed a single continuous phase (not shown), and its corresponding spectrum is shown in [**Figure 3A**](#f0003){ref-type="fig"}(i). Sodium acetate/PBS spectrum included a band at 1645 cm^−1^ (water), and minor bands at 929, 1347 and 1416 cm^−1^ consistent with sodium acetate buffer. These intensities were comparatively lower than those previously shown ([**Figure 2A**](#f0002){ref-type="fig"}(i)) due to sample dilution. Images and spectra of CNTO607/PBS diluents are shown in [**Figure 3A**](#f0003){ref-type="fig"}(ii-v). Images revealed droplets near the bottom of the wells ([**Figure 3A**](#f0003){ref-type="fig"}(iv)) and clear continuous phases near the top of the wells ([**Figure 3A**](#f0003){ref-type="fig"}(v)). [**Figure 3A**](#f0003){ref-type="fig"}(ii) shows a representative spectrum from within the droplets. This spectrum included bands at 1004, 1240, and 1670 cm^−1^ consistent with β-sheet structures in IgG. The unassigned bands at 1068 and 1138 cm^−1^ previously seen in CNTO607 ([**Figure 2A**](#f0002){ref-type="fig"}(ii)-(iii)) were absent from the droplet spectrum. [**Figure 3A**](#f0003){ref-type="fig"}(iii) shows spectra from the corresponding continuous phase of the CNTO607/PBS diluent. This continuous phase exhibited a band at 1645 cm^−1^ (water), along with minor bands previously observed in the PBS control. In particular, this phase lacked bands at 1240 and 1670 cm^−1^ associated with IgG, but it included the unassigned 1068 and 1138 cm^−1^ bands that we considered to be an unknown artifact. Therefore, CNTO607 partitioned within droplets formed in the PBS diluent, while the continuous phase consisted mainly of buffer.

Images and spectra for CNTO607/serum diluents and the sodium acetate/serum control are shown in [**Figure 3B**](#f0003){ref-type="fig"}. The sodium acetate/serum control displayed only one phase (image not shown), and its spectrum included bands at 1655 and 1270 cm^−1^ indicative of an α-helical protein and consistent with serum albumin.[@cit0020] Images of CNTO607/serum diluents in [**Figure 3B**](#f0003){ref-type="fig"} (iv, v) revealed droplets near the bottom and a continuous phase near the top of the well. [**Figure 3B**](#f0003){ref-type="fig"} (ii) shows a representative spectrum from within the droplets. This spectrum included bands at 1004, 1240, and 1670 cm^−1^ consistent with β-sheet structures in IgG molecules. The 1068 and 1138 cm^−1^ bands previously seen in CNTO607 above were again absent from the droplet spectrum. [**Figure 3B**](#f0003){ref-type="fig"} (iii) shows the corresponding spectrum within the continuous phase of the CNTO607/serum diluent. This spectrum exhibited bands at 1270 and 1655 cm^−1^ observed previously in the serum control and was consistent with the amide III and I bands of an α-helical protein. The spectrum also included the band at 1004 cm^−1^ previously attributed to phenylalanine ring breathing,[@cit0020] and the 1068 and 1138 cm^−1^ artifact bands observed previously. As mentioned before, other bands present were not ascribed to particular structures. Based on the presence of the α-helix-associated amide I and III bands, the continuous phase was mainly serum albumin. Therefore, CNTO607/serum mixtures appeared to undergo phase separation to form droplets enriched with CNTO607 and a continuous phase enriched with albumin.

CNTO3930 is a mAb that displays solubility to at least 70 mg/mL in PBS. For analysis, it was diluted with sodium acetate to match the diluent composition of CNTO607. It was also diluted with serum to serve as a control mAb that does not form droplets in serum. Images and Raman spectra from CNTO3930 diluents with sodium acetate or serum are shown in [**Figure 4A and 4B**](#f0004){ref-type="fig"} respectively. Figure 4.Raman spectroscopy images of **A**: CNTO3930 in sodium acetate. **B**: CNTO3930 in serum. (i) Spectrum of diluent controls: NaAc/PBS (**A**) and PBS/serum (**B**), (ii) spectra from the bottom of the wells, (iii) spectra from the top of the wells, (iv, v) representative images from the bottom and top of the corresponding well. Black circles indicate positions where Raman spectra were collected.

The sample set for CNTO3930 included PBS/sodium acetate buffer and serum controls, along with CNTO3930 in buffer or serum diluents. The sodium acetate spectrum is shown in [**Figure 4A**](#f0004){ref-type="fig"} (i), and it yields the expected bands similar to what was described previously. The images of the CNTO3930/sodium acetate sample showed clear continuous phases ([**Figure 4A**](#f0004){ref-type="fig"} (iv), (v)). Spectra from the top and bottom of the wells were similar and consistent with sample homogeneity. They included bands at 1240 and 1645 cm^−1^ and other unassigned protein bands consistent with IgG as described above ([**Figure 4A**](#f0004){ref-type="fig"} (ii, iii)). No phase separation or precipitation was observed with CNTO3930 in buffer. CNTO3930/serum images similarly revealed a single phase ([**Figure 4B**](#f0004){ref-type="fig"} (iv), (v)). Spectra from the top and bottom of the wells were similar and consistent with a single homogeneous phase ([**Figure 4B**](#f0004){ref-type="fig"} (ii), (iii)). Spectra included the characteristic β-sheet bands at 1240 and 1670 cm^−1^, although here the amide I band at 1670 cm^−1^ was present as a shoulder. The spectra also included bands at 1270 and 1655 cm^−1^ characteristic of α-helix amide III and I structures likely arising from albumin. Therefore, spectral results for mixtures of CNTO3930 and serum were consistent with evenly distributed IgG and albumin, characteristic of a homogeneous CNTO3930 mAb in serum.

The amide I and III Raman bands observed from the CNTO607 or CNTO3930 mixtures in buffer or serum are summarized in [**Table 1**](#t0001){ref-type="table"}. Table 1.Summary of Raman spectroscopy amide I and III bands observed in CNTO607 and CNTO3930 mixturesmAb or reagentDiluentPhaseSecondary structure assignment for amide ISecondary structure assignment for amide IIIBand Location (cm^−1^)StructureBand Location (cm^−1^)StructureSerumPBSContinuous1655α-helix1270α-helixCNTO607/ sodium acetatePBSDroplet1670β-sheet/barrel1240β-sheet/barrel  Continuousn/a n/a  SerumDroplet1670β-sheet/barrel1240β-sheet/barrel  Continuous1655α-helix1270α-helixCNTO3930/PBSSodium acetateContinuous1670β-sheet/barrel1240β-sheet/barrel SerumContinuous1655, 1670α-helix; β-sheet/barrel1240, 1270α-helix; β-sheet/barrel

The CD spectra of each mAb, human serum albumin, and human serum were collected to determine their secondary structures and to help validate Raman secondary structure results. [**Figure 5a**](#f0005){ref-type="fig"} shows the CD spectra of CNTO607 and CNTO3930 evaluated in their respective formulation buffers. Figure 5.Circular dichroism spectra of **A**: CNTO607 (solid line) and CNTO3930 (dashed line) both at 0.2 mg/mL. **B**: Human serum albumin at 0.4 mg/mL (dotted line), and human serum diluted 250 fold in PBS (solid line).

While both PBS and sodium acetate buffers gave relatively flat spectra matching no distinctive secondary structures (not shown), the spectra of CNTO607 and CNTO3930 each showed a minimum near 217 nm and had similar peak magnitudes and shapes. Their spectra were characteristic of β-sheet secondary structures in proteins.[@cit0025] This observation was in agreement with deduced structures of the mAbs by Raman spectroscopy. [**Figure 5b**](#f0005){ref-type="fig"} shows the CD spectra of human serum albumin and human serum. These were obtained to help validate the observed secondary structures in serum from Raman spectroscopy. Since the major protein component of human serum was albumin, the spectrum of this protein was compared to the spectrum of serum. Based on an estimated serum protein concentration of ∼50 mg/mL, serum was diluted 250 fold so it could be compared with human serum albumin. The spectrum of human serum albumin showed 2 minima at 208 and 222 nm typical of α-helical proteins including albumin.[@cit0025] The spectrum of human serum also showed minima at 208 and 222 nm, consistent with α-helical structures. The peak magnitudes differed because the serum protein concentration used was a calculated estimate. Human serum contains 35--50 mg/mL albumin and ∼11 mg/mL IgG;[@cit0030] therefore, the similarity of its spectrum to that of albumin is consistent with its composition. These CD results were consistent with α-helical secondary structures in serum observed by Raman spectroscopy.

Discussion {#s0003}
==========

The growing portfolio of therapeutic mAbs, as well as the growing sophistication and variety of antibody-derivatives being developed, demands improved technologies to demonstrate that these drugs possess desirable biophysical properties, including homogeneity or compatibility in serum. Such properties are desired to minimize potential risks associated with immunogenicity or inhomogeneity during drug administration.

Our results demonstrated that CNTO607 sequestered within droplets when diluted in PBS or in serum. The mechanism of droplet formation by CNTO607 was not fully understood; however, antibody liquid-liquid phase separation or gel formation has been observed during protein formulations and protein crystallization. In some studies, phase separation was correlated with decreased osmotic second virial coefficient (B~22~) and increased protein-protein interactions.[@cit0039] Phase separation was also described as a form of reversible condensation arising from nonspecific attractive interactions that are often superseded by aggregation, gelation or crystallization.[@cit0041] Wang et al. demonstrated that phase separation was induced by isothermal protein oligomerization.[@cit0042] He surmised that phase separation was related to excluded volume effects, influenced by the flexibility of the Fab arms of the antibody and possible effects of high concentrations on the shape. Phase separation observed from mAb-albumin mixtures used in their study were further associated with effective energies and the excluded volume entropies.[@cit0043] Phase separation is therefore associated with increased protein association, possible shape changes in concentrated solutions and solvent exclusion effects, although these will be highly dependent on the mAb structure and properties. CNTO607 had poor solubility in PBS, but could have higher solubility and show less protein-protein interactions when in sodium acetate buffer. However, use of alternate buffers did not resolve the phase changes that can occur when CNTO607 is mixed into serum.

Screening for mAb phase separation can also revealed how a droplet-forming mAb is distributed within the phases. This is valuable because protein clustering within droplets has been observed and associated with excluded volume effects and increased solution viscosity.[@cit0042] Therefore, providing a good description of phase separation can shed additional light into the biophysical behavior of the mAb.

A miniaturized Raman assay was developed to probe the composition of phases in mAb/serum or mAb/buffer mixtures. This plate-based method utilized \<4 uL of sample for image and spectral analysis and a sealed 96-well plate where samples could be preserved and where multiple samples could be easily screened. Raman spectra were reproducible, well-resolved, and consistent with expected chemical composition or protein secondary structures, enabling differentiation between mAb, buffer, and serum components in mixtures. However, this method is not amenable to conditions where mAb concentrations are \<10 mg/mL, as Raman signals are not sufficiently higher than buffer or serum IgG backgrounds. Data analysis was based on monitoring peaks associated with α-helices or β-sheets to distinguish between the mAb and albumin, the main serum component. The β-sheet structures of CNTO607 and CNTO3930, and the α-helix structures of human serum albumin and human serum were corroborated using CD analysis.

A different approach would be needed to distinguish between proteins that possessed the same secondary structures. For instance, the spectra of CNTO607 and CNTO3930 both shared expected Raman β-sheet-amide bands, but they also showed spectral differences that likely reflected their unique amino acid compositions. These differences could be exploited to distinguish between similar types of molecules. While efforts could be made to identify other existing protein structures from the sample spectra, for the present application, focusing on protein bands specific to secondary structures and aligning sample data to those of the controls simplified the analysis and enabled us to distinguish between mAb and albumin in the phases.

Using this approach, the distribution of CNTO607 within phases was determined in sodium acetate, in PBS, and in serum through the β-sheet amide III and I bands at 1240 and 1670 cm^−1^, respectively. These bands were observed within droplet phases and excluded from the continuous phases during phase separation. Within the continuous phases of CNTO607/serum samples, the 1270 and 1655 cm^−1^ bands associated with the α-helix amide III and I bands were attributed to serum albumin. Thus, at concentrations \>4.5 mg/mL, CNTO607 sequesters within droplets, while albumin remains in the continuous phases.

We have shown that CNTO607 promotes phase separation in PBS and in serum and partitions within formed droplets. Previous studies on CNTO607 highlighted its poor solubility in PBS, and its tendency toward protein-protein interactions.[@cit0027] In addition, CNTO607 has an isoelectric point value of 7.4--7.5, which can contribute to its poor solubility in PBS and serum, as its net charge would be close to zero in these solutions.[@cit0029] CNTO607 also contains a hydrophobic region in its HC-CDR3. This hydrophobic region is associated with both binding to IL-13 and with non-specific cluster formation.[@cit0027] For mAbs that similarly display liquid-liquid phase separation and partition within droplets, we could reason that they may also display increased protein-protein interactions and other poor biophysical properties similar to those seen with CNTO607. CNTO3930 formed one phase in sodium acetate, PBS and serum and yielded spectra that represented the sum of all components in the mixture.

In conclusion, we developed a miniaturized plate-based assay that probes liquid-liquid phases in mAb solutions, generates spectral data for component identification, and provides a description of mAb distribution within the phases. Raman analysis provided the means to track the distribution of a mAb within liquid-liquid phases and relate the partitioning of the mAb to its biophysical properties. This assay could serve as a valuable screening tool for candidate serum incompatibility, and thus could be useful in the discovery of therapeutic mAbs.

Materials and Methods {#s0004}
=====================

CNTO607, which targets and neutralizes IL-13, is a human IgG1 mAb produced from an SP2/0 stable cell line by Centocor R&D. CNTO607 protein concentration was 50 mg/mL in sodium acetate pH 5. CNTO3930, which targets respiratory syncytial virus F, is a humanized IgG1 mAb produced by Sino Biological Inc. CNTO3930 protein concentration was 70 mg/mL in PBS.

Antibody phase-separation assessment {#s0004-0001}
------------------------------------

CNTO607 at 50.0 mg/mL in 50 mM sodium acetate, pH 5.0 was diluted serially with 50 mM sodium acetate, pH 5.0 to generate 8 mAb solutions from 50.0 to 1.2 mg/mL. Each sample was then further diluted 1:1 with human serum purchased from Bioreclamation (Hicksville, N.Y.), to yield final mAb concentrations of 25.0, 16.3, 10.6, 6.9, 4.5, 3.0, 1.9 and 0.6 mg/mL. 2 μL of each sample were pipetted into 4 μL wells of an HR8-142 96-Well Corning 3554 Crystal EX microplate (Hampton Research). Negative controls consisted of 2 μL of 50 mM sodium acetate pH 5.0 buffer or 2 μL of serum. To minimize sample evaporation, 50 μL of the 50 mM sodium acetate pH 5.0 buffer were added to the square center wells of the Corning plate, then the plate was sealed and incubated for 25 min at RT. Wells were imaged using a light microscope (Optical Apparatus Company) fitted with a Nikon SMZ 1000 lens at 10X magnification. Personal protective equipment were used during the handing of all serum samples.

Protein incubations and Raman imaging {#s0004-0002}
-------------------------------------

Each mAb diluent was prepared in duplicate in a sample set that included pure diluent or pure serum. Sample sets included dilutions of CNTO607, (stock at 50 mg/mL in 50 mM sodium acetate pH 5.0), or CNTO3930 (stock at 70 mg/mL in PBS pH 7.4); PBS (Dulbecco\'s PBS: 2.7 mM KCl, 1.5 mM KH~2~PO~4~, 136.9 mM NaCl, 8.9 mM Na~2~HPO~4~-7H~2~O) purchased from Invitrogen (Gibco, Grand Island, N.Y.); 50 mM sodium acetate, pH 5.0 or rat serum (Bioreclamation, Hicksville, N.Y.).

Each mAb and diluent was mixed at 1:1 (v/v) ratios in a final volume of 3 μL of solution. Samples were mixed in the 4 μL wells of a Corning Protein Crystallography plate (\#3552, Corning Inc., Corning N.Y). Pure diluent (PBS, 50 mM sodium acetate, pH 5.0 or serum) were also added to plate wells. All samples were prepared in duplicate. The 96-well plate included reservoir wells that were filled with 50 μL of distilled water to minimize sample evaporation. After all reagents were added, the plate was sealed with ClearSeal film HR4-521 (Hampton Research) for Raman analysis. The plate was held at 4°C (for up to 2 d) prior to Raman imaging.

Confocal Raman Microscopy {#s0004-0003}
-------------------------

A WITec Alpha 300 AR confocal Raman microscope equipped with a 532 nm excitation wavelength was used for all data collection. An excitation power of 31--32 mW was directed through a 20X/0.4 numerical aperture objective onto the samples. The Raman scattered light was collected by the same objective, then directed via a 50 μm optical fiber onto the charge-coupled device detector through a monochromator with an 1800 groove/mm rating. The number of spectral acquisitions ranged from 10--15, and data acquisition time was 30 s. Where only one continuous phase was present, micrograph images and spectra were collected near the top and bottom of the solutions. Where multiple phases were present, micrograph images and spectra were collected from continuous, droplet or solid phases that may be present.

All data analyses were performed with WITec Project 2.08 software. Spectra were first treated by removing cosmic rays and subtracting background. Next, interference from the well plate or plate film collected on empty plate wells was subtracted from each sample spectrum. Spectral intensities were then normalized to the H~2~O/amide I band maximum located between 1620 cm^−1^ and 1680 cm^−1^.

Circular dichroism analysis {#s0004-0004}
---------------------------

CNTO607 at 0.2 mg/mL in 50 mM sodium acetate pH 5.0 and CNTO3930 at 0.2 mg/mL in PBS were used for CD analysis. Three CD spectra were collected on each sample at 25°C in a 0.2 cm cell from 190 nm to 260 nm at 1 nm intervals with 1 sec signal averaging. Spectra of PBS and sodium acetate buffers were similarly collected. Human serum albumin that was free of globulin or fatty acid (Sigma-Aldrich) was diluted to 0.4 mg/mL in PBS, and 3 CD spectra were collected on each sample at 25°C in a 0.2 cm cell from 190 nm to 260 nm at 1 nm intervals with 1 sec signal averaging. Human serum (Bioreclamation) was diluted 1:250 in PBS for a final protein concentration of ∼0.2 mg/mL, and CD spectra were collected using the conditions for human serum albumin and each mAb above. For data analysis, replicate CD spectra for each sample were averaged and converted to delta epsilon (millidegrees/(conc × path length × 32980) using the CDS software (Aviv Biomedical Inc.).
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